A total of fifteen nutrients comprising five carbon sources, four complex organic sources and three each of nitrogen and trace mineral sources were screened in a total of sixteen experiments using Plackett-Burman design for production of thermostable amylopullulanase by Clostridium thermosulfurogenes SVM17 in solid state fermentation (SSF) system. The design comprises screening of 'n−1' variables in 'n' number of experiments. Yield of enzyme was statistically analyzed to obtain for regression coefficients and t-values. Among fifteen nutrients screened, based on their effect in terms of product promoting ability, maltose, bajra flour, peptone, CaCl2·H2O and MnCl2·4H2O were considered promising nutrients for enzyme production and selected for optimization of their concentration using response surface methodology based on the central composite rotatable design (CCRD). The design comprises a total of 54 experimental trials with first 32 organized in a fractional factorial design and experimental trials from 33-40 and 51-54 involving the replication of central points. The experimental trials from 41-50 are called star points or axial points. The design was applied to determine the effects of above medium components and their mutual interactions on amylopullulanase production. Within the tested range of concentrations, except CaCl2·2H2O, all other components had significant effect on enzyme production. The optimum level of medium components for maximum production of the enzyme was (% w/w): maltose, 22.0; peptone, 0.8; MnCl2·4H2O, 50 ppm; CaCl2·2H2O, 15 ppm and bajra flour, 11.0.
INTRODUCTION

Bioprocessing
of starch into maltose and maltooligosaccharides by enzymatic means is gaining importance, because of their potential use in food, pharmaceutical, beverage and fine chemical industries (Fogarty and Kelly, 1990; Saha et al., 2009) . So far reported amylases are thermally unstable and expensive (Hyun and Zeikus, 1985; Shen et al., 1988) . Therefore a high value is placed on extreme thermostable and thermoactive amylases in bioprocessing of starch, since the bioprocessing of starch at elevated temperature improves the solubility of starch, decreases its viscosity, limits microbial contamination, reduces reaction times and more economical (Brown and Kelly, 1993) . It is considered advantageous to have microorganisms that produce thermostable enzyme having properties of both amylase and pullulanase, because it cleaves both α-1,4 and α-1,6 linkages, respectively (Melasniemi, 1987; Spreinat and Antranikian, 1990; Dong et al., 1997; Ganghofner et al., 1998; Duffner, 2000; Gomes et al., 2003; Vishnu et al., 2006; Kim et al., 2008; Zareian et al., 2010) . Therefore such type of endo acting enzymes have potential application for enhancement of starch saccharification process in industry (Ramesh et al., 1994) .
Thermoanaerobes show promise for the production of thermostable enzymes (Zeikus, 1979) . In this direction, anaerobic and thermophilic bacteria that secrete amylases were isolated in our laboratory (Swamy and Seenayya, 1996a) . These strains were screened for production of amylolytic enzymes. The strain Clostridium thermosulfurogenes SVM17, which produced higher yield of the enzyme having properties of both amylase and pullulanase and stable at 100 °C was selected. Recently, the bacterial systems were investigated for production of enzymes and metabolites by solid state fermentation (SSF). These fermentation systems were considered to be closer to the natural habitats of microorganisms (Archana and Satyanarayana, 1997) . The SSF has many advantages over submerged fermentation (SmF), including no need for complex machinery and sophisticated control systems; less volume of liquid required for product recovery, which could reduce the cost of downstream processing and subsequent waste treatment; usage of simple and cheap media for fermentation; lower energy demand, and often a high product yield; lower risk of contamination due to the inability of most contaminants to grow in absence of free flowing water (Ramesh and Lonsane, 1990; Pandey, 1992; Gessesse and Mamo, 1999) . Therefore the SSF process is considered to be more economical.
Selection of nutrients such as carbon, nitrogen and other nutrients is one of the most critical stages in an efficient and economic process development. The methodologies used for screening the nutrients fall into two categories; classical and statistical (Greasham, 1983) . The application of statistical methodologies in fermentation process development has numerous advantages in terms of rapid and reliable short listing of nutrients, understanding the interactions among nutrients at varying concentrations and tremendous reduction in total number of experiments resulting in less time consumption, glassware, chemicals and man power (Srinivas et al., 1994; Rama Mohan Reddy et al., 1999a; Chauhan et al., 2007; Reddy et al., 2008) . Plackett-Burman design (Plackett and Burman, 1946 ) is a two level fractional factorial design and allows screening of up to 'n-1' variables in just 'n' number of experiments. In this design, generally a multiple of four i.e., 4, 8, 12, 16, 20, …., 4n experiments are required to screen 3, 7, 11, 15, 19, ….., 4n-1 components respectively, where 'n' is an integer. This design is employed for production of various metabolites and enzymes in submerged (Chauhan et al., 2007; Yu et al., 1997; Son et al., 1998; Khanna and Srivastava, 2005) and solid state fermentation (Srinivas et al., 1994; Rama Mohan Reddy et al., 1999a ; Ramana Murthy, 1994; Ramana Murthy et al., 1999; Cockshott and Sullivan Gary, 2001; Md Altaf et al., 2006) .
Yield of any microbial product can be improved by optimization of medium components that are required in fermentation processes. Application of statistical methodologies in fermentation process development can result in improved yield of the product, reduced process variability, closer confirmation of the output response (product yield/ productivity) to normal and target requirements, reduced development time with overall costs. Conventional practice of single variable optimization is by maintaining other variables involved at a constant level. The major disadvantage of this 'changesingle-factor-at-a-time' method is that it does not include interactive effects among the variables (Oh et al., 1995; Sen and Swaminathan, 1997; Satyanarayana et al., 1999; Jaganatha Rao et al., 2000) . This method is a time consuming process and requires a number of experiments to determine optimum level, which are unreliable and therefore considered to be inferior to statistical methodologies. These limitations of a single factor optimization process can be eliminated by optimizing all the affecting parameters collectively by statistical experimental design using response surface methodology (RSM) (Box and Wilson, 1957; Khuri and Cornell, 1987; Jagannadha Rao, et al., 2000) .
Today literature provides less information on the production of thermostable amylopullulanase in SSF. In the present study, we report the screening of nutrients using Plackett-Burman design and optimization of their concentration using response surface methodology Experiments were conducted in duplicates as per the design in 120 mL anaerobic serum vials containing 10 g of wheat bran with respective concentrations of nutrients (as shown in Table 1 ) dissolves in distilled water incubated at 60 ο C for 72 h. The enzyme activities were assayed under standard conditions for production of thermostable amylopullulanase by Clostridium thermosulfurogenes SVM17 in SSF.
MATERIALS AND METHODS
Microorganism
The bacterial strain used in the present study was isolated in our laboratory (Swamy and Seenayya, 1996a) and identified as Clostridium thermosulfurogenes SVM17.
Solid state fermentation technique
Solid state fermentation was carried out in 120 mL serum vials that contained 10 g of wheat bran moistened with appropriate volume of distilled water containing the required concentration of nutrients. The medium was flushed with nitrogen gas to create anaerobic conditions and vials were sealed and sterilized at 121 °C for 15 min. After cooling to room temperature (28 ± 2 °C), a 2% (v/w) of 2.5% (w/v) Na2S solution was added to maintain further Uncoded units are given in parentheses reduced conditions followed by 2 mL of 24 h old inoculum. Contents in the vials were mixed thoroughly and incubated at 60 °C in horizontal position. During incubation, the contents in vials were periodically mixed by gentle shaking and accumulated gases were removed using a sterile needle. At the end of incubation time (72 h), vials were taken out and enzyme was extracted from each vial with 0.1 M sodium acetate buffer (pH 5.5) at 1:5 w/v ratio 28 ± 2 °C with a contact time of 1 h at an agitation speed of 150 rpm on a rotary shaker. Extracts were clarified by squeezing through dampened cheese cloth (Ramesh and Lonsane, 1990), followed by centrifugation at 8000 rpm for 20 min at 4 °C, and the supernatant was used as source of extra cellular enzyme.
Screening of nutrients using Plackett-Burman design
A total of fifteen nutrients comprising of five carbon source (maltose, xylose, soluble starch, sucrose and lactose), four complex organic source (potato flour, bajra flour, jowar flour and wheat flour) and three each of nitrogen (corn steep liquor, yeast extract and peptone) and trace mineral sources (CaCl2·2H2O, MnCl2·4H2O and NaCl) were screened in a total of sixteen experiments using Plackett-Burman design (Table 1) . Concentration for each nutrient was fixed based on the literature and on our own experience gained (Rama Mohan Reddy et al., 1999) . All nutrients except monosaccharide, disaccharides and corn steep liquor were dissolved in appropriate amount of distilled water (moistening agent), pH was adjusted to 7.5 and then used for moistening the wheat bran before sterilization. Monosaccharide, disaccharide sugars and corn steep liquor were prepared at a concentration of 10X solutions and sterilized separately by autoclaving at 10 psi for 10 min and required concentration was added to the medium before inoculation. Care was taken to maintain the moisture level of inoculated medium at 73%. The data on the yields of amylase and pullulanase in these sixteen experiments were subjected to compatible analysis (Plackett and Burman, 1946) to obtain regression coefficients and t-values. The 'Indostat' statistical package was used for the data analysis. The nutrients with highest t-values were considered as the best nutrients and thus selected for further optimization studies (Rama Mohan Reddy et al., 1999b) 
Optimization of concentration of nutrients using RSM
A central composite rotatable design (CCRD) was used to optimize the concentrations of nutrients. The design contains a total of 54 experimental trials with first 32 organized in a fractional factorial design (Cochran and Cox, 1957) , the experimental trials from 33-40 and 51-54 involve the replications of central points and experimental trials from 41-50 are axial points (star points). The response i.e., amount of enzyme produced by C. thermosulfurogenes SVM17 was assumed to be influenced by the five factors selected for the study. Once the experiments were performed, the coefficients of second-order polynomial model for five factors were calculated from the following equation (Montgomery, 1991) .
Where, y is the response (predicted yield of enzyme), b0 is the intercept, b1, b2, b3, b4 and b5 are the linear coefficients, b11, b22, b33, b44 and b55 are the quadratic coefficients and b12-15, b23-25, b34-35 and b45 are the interactive coefficients.
Significance of the model is determined based on lack of fit and significance of each coefficient was determined using the student t-test (Gong and Chen, 1998; Rama Mohan Reddy et al., 2000) . Graphical representation of these equations are called response surface curves, used to describe the individual and cumulative effect of the test variable (factor) on the response and to determine the mutual interactions between two test variables and their subsequent effect on the response (Khuri and Cornell, 1987; Montgomery, 1991) . The three dimensional response surface plot was drawn with vertical axis representing the enzyme yield and two horizontal axes representing five different levels of two explanatory nutrients by keeping other three factors at zero level. The results were analyzed using the 'Indostat' statistical package. Optimum concentration of each nutrient is identified based on the hump in three dimensional plot.
Enzyme assays
The extracellular amylase and pullulanase activities from the clarified samples were measured by incubating 0.5 mL appropriately diluted enzyme sample with 0.5 mL of 1% (w/v) starch solution and pullulan solution in 2 mL of 0.1 M acetate buffer (pH 5.5) at 70 °C for 30 min, respectively. After incubation, the reaction was stopped by cooling the tubes in an ice bath. The reducing sugars released by enzymatic hydrolysis of soluble starch and pullulan were determined by addition of 1 mL of 3, 5-dinitrosalicylic acid (Miller, 1959) . A separate blank was set up for each sample to correct the non enzymatic release of sugars. One unit of amylase or pullulanase is defined as the rate Experiments were conducted in 120 mL anaerobic serum vials containing 10 g of wheat bran with respective concentrations of nutrients (Table 1 ) dissolved in distilled water, incubated at 60 °C for 72 h. The enzyme activities were assayed under standard assay conditions of formation (1 µmole) of reducing sugars (as glucose equivalents) per min under standard assay conditions.
RESULTS AND DISCUSSION
C. thermosulfurogenes SVM17 grew optimally at 60 °C, and produced 2,600 and 1,300 U of thermostable amylase and pullulanase activities, respectively per liter of culture broth in submerged fermentation. In solid state fermentation, the strain SVM17 produced on an average of 9,221 and 10,080 U of thermostable amylase and pullulanase, respectively per kilogram of moistened bacterial bran (BB) grown at 60 °C in 72 h.
Effect of nutrients on enzyme production
The enzyme yields of C. thermosulfurogenes SVM17 from screening of fifteen nutrients in sixteen experiments using Plackett-Burman design are shown in Table 2 . It is clear from the Table 2 that the strain produced highest average yields of amylase (18,968 U/kg BB) and pullulanase (28,426 U/kg BB) in combinations 7 of the design, followed by 6 and 2. The data on enzyme yields were subjected to statistical analysis to obtain regression coefficients and t-values (Table 3) . From Table 3 , it is clear that maltose, xylose, lactose, potato flour, bajra flour, jowar flour, peptone, CSL, calcium chloride and manganous chloride showed significant effects on yields of both amylase and pullulanase. Apart from these, sucrose, soluble starch, wheat flour and sodium chloride were also significant on amylase synthesis but not on pullulanase synthesis. Effect of yeast extract was significant on synthesis of both the enzymes. Among carbon sources screened, maltose and xylose were found to be the best for maximum enzyme production, followed by lactose. Soluble starch influenced synthesis of amylase but not pullulanase production. Sucrose influenced pullulanase but not on amylase production. Since maltose greatly influenced both the enzymes production, it was selected for optimization studies. Among complex organic sources, potato flour and bajra flour showed positive effects on enzyme production. Therefore, bajra flour was selected for further optimization studies. Among nitrogen sources screened, peptone showed greater effect on enzyme production. Calcium chloride and manganous chloride were highly significant among trace mineral sources screened and therefore included for optimization. Literature gives no information on the production of thermostable amylopullulanase in SSF. Maltose was reported to be the inducer of β-amylase production by C.
thermocellum SS8 (Swamy et al., 1994) and C. thermosulfurogenes (Hyun and Zeikus, 1985a) . In contrast, maltose was reported to be repressor for production of amylase by Bacillus stearothermophilus (Srivastava and Baruah, 1986) . Swamy and Seenayya (1996b) reported that corn steep liquor in combination with yeast extract were the best nitrogen source for thermostable α-amylase and pullulanase production in SmF by C. thermosulfurogenes SV9. The significant effect of corn steep liquor on enzyme production could be due to presence of growth factors in it (Srinivas et al., 1994) .
To identify the most important factor, screening of medium components adopting Plackett-Burman design have been employed for production of fungal proteinase (Ramana Murthy, 1994) , cyclosporin A (Ramana Murthy et al., 1999) , β-amylase and pullulanase (Rama Mohan Reddy et al., 1999b ), echinocandin B (Cockshott and Sullivan Gary, 2001 ), biohydrogen (Pan et al., 2008 and alkaline protease (Reddy et al., 2008) .
Response surface analysis for the optimization of levels of medium components
The uncoded (natural) and coded (real) values of five medium components are given in Table 4 , which gives various concentrations to be attempted. Mathematical relationship of the response Y1 (pullulanase activity) and Y2 (amylase activity) on these variables were calculated by second order polynomial equations. where, Y1 and Y2 are the predicted pullulanase and amylase activities, respectively. X1, X2, X3, X4 and X5 are the coded values of maltose, peptone, manganous chloride, calcium chloride and bajra flour, respectively. The predicted and experimental yield of pullulanase and amylase for 54 experiments are given in Table 5 . The regression coefficients and t-values of pullulanase and amylase are given in Tables 6 and 7 , respectively. Analysis of variance (ANOVA) is required to test the significance and adequacy of the model. Summary of analysis of variance for evaluation of second order polynomial model for pullulanase and amylase are presented in Tables 8 and 9 , respectively. From the ANOVA, it is observed that, the model for pullulanase and amylase activities were highly significant, as it was evident from the Fisher, F-test and a very low probability value.
The F values corresponding to pullulanase and amylase was 5.195 and 9.350, respectively and P values of the models was less than 0.00007 and 0.000001 for pullulanase and amylase, respectively. Greater the F value is from one, the more certain that the factors explain adequately the variation in the data about its mean and the estimated factor effects are real. P values were used as a tool to check the significance of each of the coefficient which in turn, was necessary to understand the pattern of the mutual interactions between the test variables. Smaller the magnitude of P more significant is the corresponding coefficient (Khuri and Cornell, 1987) . Goodness of the model was checked by the coefficient of determination, R 2 . Closer the values of R (multiple correlation coefficient) to 1, better the correlation between observed and predicted values. Hence we observed the values of R for pullulanase (0.901) and amylase (0.931) indicate a good agreement between the experimental and predicted yields, respectively. The R 2 for pullulanase and amylase were 0.81 and 0.87, respectively. Coefficient of variation (CV) indicates the degree of precision with which the treatments are compared. Usually, higher the value of CV, lower is the reliability of experiments performed. Here a lower value of CV for pullulanase (7.56) and amylase (7.16) indicates a greater reliability of the experiments performed.
From Table 6 (the significance of regression coefficients of pullulanase activity model), it is observed that the linear terms of maltose were highly significant on pullulanase yields, followed by quadratic terms of maltose , manganous chloride, peptone and bajra flour. None of the calcium chloride terms were significant on pullulanase yield but the interactive terms of any of these test variables on pullulanase activity were found to be significant. Similarly, from Table 7 (the significance of regression coefficients of amylase activity model), it is observed that the linear terms of maltose and quadratic terms of bajra flour were highly significant on amylase yields followed by linear terms of calcium chloride, quadratic terms of maltose and manganous chloride. The interactive terms of maltose and peptone was found significant on amylase activity. However, none of the linear and quadratic terms of peptone were significant on amylase activity. Figures 1a-e and 2a-f are the significant response surface curves for pullulanase and amylase activities of thermostable amylopullulanase, respectively, as a function of concentrations of two medium components with other three components held at zero level. From the response surface plots, it is easy and convenient to understand the interactions between two nutrients and also to locate their optimum levels. From Figures 1a and 1b , it is observed that the pullulanase activity increased up on increasing the concentrations of maltose from 2-22%. Similarly, the enzyme yield also increased on increasing the concentration of peptone from 0.2-0.8% and any further increase in its concentration, showed gradual decrease in enzyme yield (Figures 1c and 1d) . Therefore, 0.8% of peptone was found to be optimum for pullulanase activity. The maximum enzyme yields were recorded when the concentration of manganous chloride increased from 10-50 ppm (Figures 1b, 1c and 1e ) and bajra flour 2-10% (Figures 1a, 1d and 1e ). On further increase in their concentrations, a gradual decrease in enzyme yields was observed. Therefore, 50 ppm of manganous chloride and 10% bajra flour was considered favorable for maximum yield of pullulanase.
Interactions among the nutrients
It is clear from response surface plots (Figures 2a, 2c  and 2f ), that the yield of amylase increased on increasing the concentration of maltose from 2-22%. The increase was more pronounced at lower concentrations of peptone (Figure 2f ). Therefore, high levels of maltose and low levels of peptone are favorable for enzyme production. Similarly, maximum amylase activity was observed with increasing concentration of manganous chloride from 10-50 ppm (Figure 2a ) and bajra flour from 2-12% ( Figure  2c ). Further increase in their concentrations resulted in gradual decrease in amylase activity. Therefore, for optimum enzyme yields, 50 ppm of manganous chloride and 12% bajra flour should be considered. The effect of peptone was more significant on amylase yields at higher concentrations of maltose (Figure 2f ), at lower levels of calcium chloride (Figure 2b ) and moderate levels of manganous chloride (50 ppm) and bajra flour (12%) (Figures 2d and 2e ). This indicates that lower levels of calcium chloride, moderate levels of manganous chloride and bajra flour are most favorable for maximum amylase activity at low concentrations of peptone.
From the above observations, it is clear that the maximum pullulanase and amylase activities were observed when the concentrations of test variables lie in the following ranges (%w/w): maltose, 17-22; peptone, 0.4-0.8; manganous chloride, 50 ppm; calcium chloride, 5-15 ppm and bajra flour 7-10.
Based on the above observations, the model predicted (% w/w): maltose, 22; peptone, 0.8; MnCl2·4H2O, 50 ppm; CaCl2, 15 ppm and bajra flour, 11 were required for the maximum production of the enzyme. The low and high levels of CaCl2 decreased the pullulanase and amylase activities, respectively. Keeping in view of both enzyme activities, we have fixed calcium chloride at zero level (i.e., 15 ppm, Table 10 ). By substituting the correspondingly coded concentration levels of the factors in to the regression equation, the maximum predictable response for pullulanase and amylase activities was calculated. The maximum yield of amylase and pullulanase obtained using the optimized medium was 20,130 and 28,970 U/kg BB, respectively. It was in correlation with the predicted yields (Table 10 ). There are no reports available in literature on medium optimization for amylopullulanase production by SSF. However, statistical methods have been applied in other studies to optimize the medium components in SSF for the production of cyclosporine-A by Tolypocladium inflatum (Ramana Murthy et al., 1999) , alkaline exopolygalactouronase by Bacillus subtilis RCK (Gupta et al., 2008) , lipase by Candida rugosa (Venkat Rao et al., 1993) , thermostable pullulanase by Clostridium thermosulfurogenes SV2 (Rama Mohan Reddy et al., 1999a) , xylanase by Thermascus aurantiacus (Souza de O et al., 1999) . In all these cases the product yields were higher in SSF than in SmF. Increase in the yield of cyclosporin-A from 459-4843 mg/kg was achieved in SSF by using statistical method for optimization of medium (Ramana Murthy, et al., 1999) . Similarly, yield of gibberelic acid and lipase activity were increased in about 11 and 3 folds, respectively (Pastrana et al., 1995; Venkat Rao et al., 1993) . After medium optimization, the increase in pullulanase production by C. thermosulfurogenes SV2 was observed to be increased by 10% (Rama Mohan Reddy et al., 1999a) . Therefore these studies indicate the feasibility study of SSF processes.
CONCLUSIONS
In the present study screening of nutrients employing Plackett-Burman design and optimization of nutrients concentration using response surface methodology for the production of thermostable amylopullulanase in SSF proved to be useful in increasing the yields of pullulanase and amylase by 182 and 106 %, respectively in a limited number of experiments. Hence the application of statistical experimental designs for production of thermostable amylopullulanase was found to be more promising as these designs are relatively simple and time saving. An overall increase in yield of pullulanase and amylase was found to be 22 and 8 folds, respectively in SSF after optimization when compared to SmF. Therefore SSF process is highly advantageous for production of valuable thermostable amylopullulanase over SmF process.
